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Abstract   
Several factors impact the power output from solar photovoltaic (PV) modules.  Some are 
deterministic and controllable and others are uncontrollable (e.g., meteorological conditions), 
yet critical to performance. The objective of this paper is to assess the relationship between 
the meteorological variables and the power output of a mono silicon PV module using Multiple 
Linear Regression modelling. The approach involved exposing one mono-silicon photovoltaic 
module to the open atmosphere for a period of time and measuring the electrical energy 
output as a function of natural variation in the meteorological factors.  A regression model for 
the power output was developed and significant variables identified.  The model derived for 
this material grade of silicon tended to match the validation data more closely for clear skies, 
but not as accurate for times of cloud cover. Results of this study will provide useful design and 
application insight on critical factors that impact the energy capabilities of crystalline silicon PV 
modules. The analysis was simultaneously targeted to a non-technical audience, so that home 
owners interested in installing photovoltaic arrays on their roofs can have a simpler, user 
friendly method by which to determine energy output for various atmospheric conditions. 
 
Keywords: Indicator variables, Meteorological factors, Photovoltaics, Regression analysis, 
Silicon, Solar energy attenuation. 
1. Introduction 
The photovoltaic method of harnessing the abundant and inexhaustible source of solar energy, 
utilizes a semiconductor medium to convert solar radiation to electrical energy. This process is 
referred to as Photovoltaics (PV). The energy output of photovoltaic solar modules (panels) is 
determined by several measurable; controllable and uncontrollable factors. Controllable 
factors include module material, module size, module inclination to the sun and the mobility of 
the sun relative to that of the solar module. Uncontrollable factors are often environmental in 
nature (e.g., atmospheric temperature and barometric pressure) and affect the attenuation of 
solar energy.  
 
Most research and calculations pertaining to solar modules take place under standard testing 
conditions to include solar irradiance of 1000 W/m2, spectral distribution of AM1.5 and module 
temperature of 250 C (Kurtz et al., 2000). PV characterization is also performed using expensive 
and sophisticated equipment. Using regression analysis is a novel technique and this research 
paper further explores such a methodology. This research benefits the photovoltaic design 
engineer and explores the energy variation of the module for various working conditions. This 
is done while leaving the analysis simple enough for the benefit of home owners utilizing these 
systems. 
 
Other studies undertaken (Case and Owusu, 2008) substantiate the theory that solar systems 
can be effectively modeled by established statistical procedures. Previous work focused on an 
inexpensive outdoor technique to test and characterize PV modules (Case et al, 2013).  
 
 
2. Goal of the Study 
The objective of this research is to initiate the development of a multiple linear regression 
model for a mono-crystalline silicon module that relates the power output in Watts per square 
meter (W/m2) to various atmospheric conditions. The engineering application of this objective 
will be the enhancement of design calculations for photovoltaic energy generating systems 
subjected to varying weather conditions. When completed, this user friendly approach, will 
afford homeowners a tool where they can determine energy availability for their domestic PV 
systems.  
 
3. Solar Photovoltaic Energy 
When the solar radiation enters the atmosphere, it is broken up in several ways, a part of the 
incident energy is scattered or absorbed by air molecules, clouds and particulate matter called 
aerosols.  The scattered radiation that reaches the ground is called diffused radiation. A part of 
the radiation may reach a receiver after reflection from the ground and is called albedo. The 
radiation that is not reflected or scattered and reaches the surface directly from the solar disc 
is called direct or beam radiation. The total radiation is called Global Radiation (Goswami et al., 
2000; Rizwan et al., 2010). The amount of radiation that reaches the surface of the earth is 
extremely variable. In addition to the daily and yearly variations, irregular radiations are caused 
by the climactic conditions, such as cloud cover, as well as the general conditions of the 
atmosphere. For this reason, the design of photovoltaic system relies on the input of measured 
data close to the installation site (Monteiro et al., 2013).  
 
The surface temperature of the sun determines the spectral distribution emitted. This 
distribution changes considerably when the sunlight penetrates through the earth’s 
atmosphere. The major unpredictable factor in defining the solar irradiance and the 
performance of solar systems is the presence of clouds in the sky as the influence of clouds on 
irradiance is due to reflection and absorption of the irradiance by cloud particles, which 
depend strongly on the volume, shape, thickness and composition of the clouds (Rogiros, 
2013). As a result of this, one of the greatest challenges for solar energy system engineers is 
expected to be the ability to forecast the availability of solar energy at a future time and then 
to provide a method by which to harvest and store the energy for future use. Figure 1 gives a 
graphic illustration of the factors affecting energy conversion for a photovoltaic system as it 
occurs in the natural environment. 
 





                                                                                   
 
 
                                                                                    
                                                                                     
 
                                                                     







Figure 1: Impact of Various Factors on the Output of Photovoltaic Systems 
 
4. Photovoltaic Module Materials 
The two major types of photovoltaic materials are crystalline and thin film, which differ from 
each other in the areas of light absorbency, energy conversion efficiency, manufacturing 
Controllable Factors  







Uncontrollable Factors  
 (Meteorological variables, Reflection, Diffusion) 
 
technology and cost (EPIA, 2011). Silicon is the most popular material for energy generating 
systems (Supori, 2013). Silicon accounts for over 90 percent of all PV modules manufactured. It 
is the second most abundant element in the earth’s crust after oxygen, with its chemical and 
electrical semiconductor properties. Within the silicon group there are three grades of silicon 
used; single, or mono-crystalline silicon, multi or poly-crystalline silicon, and amorphous silicon. 
Since different materials have different band gaps, these three silicon material grades are 
tuned to different wavelengths or photons of different energies and hence have different 
energy conversion efficiencies (Gangopadhyay, 2013). Mono-crystalline and Poly-crystalline 
silicon which command nearly equal share of the PV market are widely used for space probes, 
home appliance as well as power generating stations. Crystalline silicon cell technology is well 
established. The modules have a long lifetime, 25 years or more, and the best energy 
conversion efficiency approaches approximately 20%. Poly-crystalline silicon is used in an 
attempt to cut manufacturing costs, although resulting cells are not as efficient as single crystal 
silicon. 
 
Most silicon cells are fabricated from thin wafers cut from large cylindrical mono-crystalline 
ingots prepared by a crystal growth process and doped with about one part per million with 
boron during ingot growth. In the production of a cell these boron doped starting wafers have 
a diffusion of phosphorous at high temperature a fraction of a micron into the surface to form 
the P-N junction required. Metal contacts to both N (negative) and P (positive) type sides of the 
junction are formed by screen printing and densified by a high temperature process. The cell 
formed is about 10 to 15 cm in diameter or along either side if square or rectangular.  The thin 
wafers, about 200 – 400 micrometers thick are then polished, doped, coated, interconnected 
and assembled into modules and arrays (Archer and Hill, 2001). 
Other PV materials, though not as viable, available or popular as silicon are: Gallium Arsenide 
(GaAs), Indium Phosphide (InP), Copper Indium Diselenide (CuInSe2) and Cadmium telluride 
(CdTe). Amorphous silicon, which has no crystalline structure, is also used, again in an attempt 
to reduce production costs, but with lower conversion efficiency they are used primarily for 
solar powered watches and calculators. The availability of indium is limited and while some 
amount of indium is in tin and tungsten ores, extracting it is very expensive (EPIA, 2011). 
 
5. Method of Approach 
After verifying the manufacturer’s specifications on a batch of mono-silicon modules (Table 1), 
one module from the batch was chosen at random, and placed outdoors in the flat horizontal 
position for a period of two weeks. Data of energy output and several meteorological variables 
were taken at regular intervals throughout the day.  
 
Table 1. Specifications for Experimental Photovoltaic Modules 
 
Specifications Monocrystalline Silicon 
Rated Power (W) 120 
Rated Voltage (V) 16.9 
Rated Current (A) 7.1 
Surface Area (m2) 0.97 
 
 
A Multiple Linear Regression (MLR) analysis was performed to determine the model for the 
power output under the following uncontrollable meteorological parameters: 
1. Atmospheric Temperature (AT) measured in degrees Fahrenheit. 
2. Barometric Pressure (BP) measured in inches of mercury. 
3. Relative Humidity (RH) measured as a percentage. 
4. Dew Point Temperature (DP) measured in degrees Fahrenheit. 
5. Wind Speed (WS) measured in miles per hour. 
6. Precipitable Water (PW) measured in inches. 
7. Cloud Cover (CC) - in three discrete levels; clear skies, light cloud and heavy cloud. 
8. Time of day (TD), taken on the hour and half hour, every half hour. 
 
A ninth variable, Air Mass (AM) was included to account for the rapidly decreasing clearness 
index at times close to sunrise and sunset. This was determined by collecting data for zenith 
angles (θz) over the internet, and using the Young-Irvine formula to determine air mass values 
(AMYI) at each data point as illustrated in Equation 1. 
 
           (1) 
 
Characterizing most of the meteorological variables were straight forward; however because of 
the more complex nature of others, like cloud cover, an indicator variable was used to 
qualitatively and simply characterize this variable. The determination of the levels of cloud 
cover depended on human judgments as illustrated in Table 2. 
 
Table 2. Indexing the Cloud Cover Indicator Variable 
 
Appearance of Solar Disc CC1 CC2 
Clear skies  0 0 
Light cloud cover 0 1 
Heavy cloud cover 1 0 
 
6. Data Collection 
Readings of energy output and all relevant meteorological variables were recorded every half 
an hour throughout the day. Tables 3 and 4 give the data collected for contrasting 
experimental days 4 and 1 respectively. Data for the remaining experimental days can be seen 
in Appendix I. 






















19.6 1.25 8:00 74.00 69 30.04 57 0 65 1.61 Clear skies 
19.9 2.00 8:30 67.70 68 30.05 57 1 68 1.60 Clear skies 
19.8 2.82 9:00 61.40 70 50.05 56 1 63 1.59 Clear skies 
19.7 3.58 9:30 55.00 72 30.06 56 0 60 1.55 Clear skies 
19.7 4.28 10:00 48.60 74 30.06 56 1 54 1.52 Clear skies 
19.5 4.91 10:30 42.10 75 30.07 55 2 63 1.50 Clear skies 
19.4 5.45 11:00 35.60 76 30.13 54 2 46 1.48 Clear skies 
19.4 5.81 11:30 29.20 76 30.10 53 4 42 1.44 Clear skies 
19.3 6.00 12:00 23.00 78 30.09 54 3 41 1.40 Clear skies 
19.2 6.10 12:30 17.00 79 30.10 53 3 41 1.33 Clear skies 
19.1 6.15 13:00 11.80 78 30.09 54 2 41 1.27 Clear skies 
19.1 6.20 13:30 9.00 80 30.07 53 1 38 1.21 Clear skies 
19.1 6.17 14:00 10.60 81 30.06 54 5 40 1.14 Clear skies 
19.2 6.10 14:30 15.40 81 30.05 53 3 38 1.05 Clear skies 
19.1 5.94 15:00 21.20 81 30.05 53 3 36 0.97 Clear skies 
19.1 5.77 15:30 27.20 82 29.99 52 0 35 0.91 Clear skies 
19.1 5.49 16:00 33.80 83 29.97 51 1 33 0.85 Clear skies 
19.2 5.09 16:30 40.20 83 29.95 53 3 35 0.79 Clear skies 
19.2 4.52 17:00 46.70 84 29.94 52 1 33 0.73 Clear skies 
19.5 3.76 17:30 53.10 83 29.94 52 3 35 0.68 Clear skies 
19.4 3.06 18:00 59.50 83 29.93 51 0 33 0.63 Clear skies 
19.2 2.23 18:30 65.90 83 29.93 52 2 34 0.56 Clear skies 


























19.5 1.50 11:30 29.7 73 30.14 65 5 76 1.59 heavy cloud   
19.9 2.56 12:00 23.5 73 30.14 65 5 76 1.63 heavy cloud   
19.6 2.29 12:30 17.8 73 30.14 64 3 75 1.65 heavy cloud   
19.5 2.76 13:00 12.9 75 30.13 66 3 71 1.67 heavy cloud   
19.8 3.08 13:30 10.5 75 30.13 66 1 72 1.68 heavy cloud   
19.7 4.38 14:00 12.0 76 30.13 66 2 71 1.71 heavy cloud   
19.1 2.57 14:30 16.4 77 30.13 66 2 68 1.73 heavy cloud   
19.1 0.90 15:00 22.1 78 30.12 67 3 68 1.75 heavy cloud   
19.4 3.18 15:30 28.2 78 30.11 66 2 67 1.77 heavy cloud   
19.0 1.85 16:00 34.5 79 30.10 67 1 66 1.79 heavy cloud   
19.1 1.84 16:30 40.9 79 30.10 67 1 66 1.77 heavy cloud   




A separate set of 36 data points were also collected on two other contrasting days (one day of 
predominantly clear skies , and another day of mixed cloud cover), during the experiment to 
validate the model. Since the rationale for this study is to provide a user friendly approach to 
calculating solar output, it was necessary to establish if within reasonable limits of error, this 
method is accurate enough for home owners use. For instance, cloud cover is a rather complex 
variable where cloud; volume, shape, thickness and composition are significant features 
(Rogiros, 2013). However this study evaluates whether cloud cover can be more simply 
represented by an indicator variable and still provide a model accurate enough for home 
owner’s use. Tables 5 and 6 give data for the two contrasting days used for the validation of 
the model.  
 





















19.7 1.61 8:15 70.8 63 29.89 57 0 79 0.61 Clear skies 
19.8 2.39 8:45 64.5 67 29.89 58 2 74 0.53 Clear skies 
19.8 3.13 9:15 58.2 70 29.90 59 1 67 0.48 Clear skies 
19.6 3.90 9:45 51.8 73 29.89 57 2 57 0.49 Clear skies 
19.6 4.50 10:15 45.3 75 29.89 57 2 53 0.54 Clear skies 
19.5 5.08 10:45 38.8 77 29.89 57 4 49 0.62 Clear skies 
19.3 5.43 11:15 32.4 79 29.88 57 1 47 0.65 Clear skies 
19.3 5.67 11:45 26.0 80 29.88 57 5 45 0.67 Clear skies 
19.3 5.88 12:15 19.9 81 29.87 57 7 43 0.68 Clear skies 
19.1 5.86 12:45 14.2 82 29.86 57 3 42 0.68 Clear skies 
19.1 6.05 13:15 9.8 83 29.85 56 4 40 0.68 Clear skies 
19.2 6.00 13:45 9.1 83 29.84 55 2 39 0.68 Clear skies 
19.3 6.00 14:15 12.6 83 29.83 57 2 41 0.69 Clear skies 
19.0 5.96 14:45 18.1 85 29.81 58 3 40 0.70 Clear skies 
18.7 2.66 15:15 24.1 84 29.81 57 3 40 0.69 Clear skies 
19.1 5.51 15:45 30.5 85 29.80 59 5 41 0.68 Clear skies 
19.4 5.66 16:15 36.9 85 29.78 58 2 40 0.67 Clear skies 
19.3 4.99 16:45 43.3 86 29.77 58 6 39 0.66 Clear skies 
19.3 4.30 17:15 49.8 86 29.76 58 4 39 0.65 Clear skies 
19.3 3.47 17:45 56.2 86 29.76 56 1 38 0.63 Clear skies 
19.2 2.53 18:15 62.6 85 29.75 58 6 39 0.62 Clear skies 





























19.8 5.47 12:15 19.8 79 30.01 69 1.59 69 1.59 Clear skies 
19.6 6.58 12:45 14.1 81 30.01 69 1.58 67 1.58 Clear skies 
18.6 3.06 13:15 9.7 82 30.01 67 1.57 60 1.57 heavy cloud 
19.0 3.75 13:45 9.0 81 30.04 67 1.57 61 1.57 light cloud 
19.0 3.33 14:15 12.5 83 30.02 67 1.57 58 1.57 heavy cloud 
18.3 2.45 14:45 18.0 83 30.02 66 1.54 56 1.54 heavy cloud 
18.7 2.65 15:15 24.1 83 30.03 67 1.52 57 1.52 heavy cloud 
19.3 2.62 15:45 30.4 82 29.99 65 1.50 57 1.5 heavy cloud 
19.5 6.08 16:15 36.8 84 30.00 65 1.49 54 1.49 Clear skies 
19.8 4.66 16:45 43.3 82 29.99 65 1.54 56 1.54 Clear skies 
19.5 4.04 17:15 49.7 84 29.98 66 1.55 54 1.55 Clear skies 
19.3 2.72 17:45 56.1 83 29.97 65 1.59 55 1.59 light cloud 
19.4 2.65 18:15 62.5 82 29.96 64 1.62 55 1.62 Clear skies 
19.1 1.57 18:45 68.8 81 29.96 64 1.61 56 1.61 Clear skies 
 
 
7. Data Analysis and Results 
Given that, for the experimental location (latitude 33°N) and season (late Spring), solar noon 
(SN)  was approximately 1330 hours (1:30 pm), the time of day (TD) variable was chosen to 
reflect this reality. The variable T = (TD-SN) 2 was chosen to reflect the fact that solar variation 
with time is approximately parabolic (closer to sinusoidal), with its central axis at solar noon.   
 
Using the Minitab 16 data analysis toolbox, the linear regression model developed for the 
module included the significant variables: atmospheric temperature (AT), Air Mass squared 
(AM2), cloud cover (CC1, CC2), and time of day, TD with a regression variable T = (TD-SN) 2. The 






Table 7: Minitab Output for Experimental Data 
Source DF Adj SS Adj MS F-Value P-Value 
Regression 5 104975 20995.1 194.77 0.000 
  AT(F) 1 439 439.0 4.07 0.046 
(TD-SN) 2 1 10179 10179.4 94.43 0.000 
  CC1 1 59163 59162.7 548.85 0.000 
  CC2 1 8169 8169.1 75.78 0.000 
AM2 1 403 403.1 3.74 0.056 
Error 96 10348 107.8   
Lack of Fit 95 10347 108.9 82.52 0.087 
Pure Error 1 1 1.3   
Total 101 115324    
      
S R-sq R-sq(adj) R-sq(pred)   
10.3824 91.03% 90.56% 89.45%   
 
The R-squared value for this mono-silicon module was 91%, indicating that 91% of the 
variability in the power density can be explained by the model. This was a pretty accurately 
modeled system. This is consistent with the uniform metallurgical structure of the mono-silicon 
cells. The final regression model for the module is stated in Equations 2: 
 
   (2) 
 
Where the power density (PD), measured in Watts per square meter (W/m2) is determined by 
the product of the voltage (V) and the current (I) divided by the surface area of the module, AT 
is the ambient temperature in degrees Fahrenheit, TD is the time of day that the data was 
collected and SN is solar noon for the experiment, (about 1330 hours), and CC1 and CC2 are 
the indicator indices for the cloud cover, as explained in table 2 and AM is the air mass value. 
To validate the model, equation 2 for power density was used, along with the validation data 
points, and the values calculated and compared with the corresponding measured values, from 
the instruments, for the validation data points for these two contrasting days (Tables 8 and 9).  
The percentage difference between the power density derived from the model, and that 
measured by the instruments was determined as given in Equation 3:  
 
             (3) 
 
Where PDM and PDI are the power densities derived from the regression model and the 
instruments respectively. Table 8, representing a day of predominantly clear skies, the 
percentage differences were less than ten percent for all 22 data points except one which was 
close to sunset. However, Table 9, representing a mix day of different levels of cloudiness, 
there is a wider disparity in the percentage differences between calculated and measured 
power density for the module, with more than half of the 14 data points yielding a percentage 
difference greater than 10%. This suggests that modeling clear skies was accurate; however for 
modeling cloud cover using three levels of cloudiness, it was not as accurate. From the 
tabulations it can also be seen that the models are most accurate for clear skies (Table 8). 
However close to sunrise and sunset (7:45 and 19:45) the disparity is somewhat inconsistent; 
such a result is most likely due to the increasing air mass (AM) values at these times, not being 
as accurately modeled.  
 
 
It is argued that higher air mass will normally result in a lower clearness index, because of the 
increased absorption occurring due to the passage of light through the atmosphere. This 
simulates increased cloudiness (Gottschalg et al., 2003). It is interesting that the percentage 
difference for the day of clear skies, for the material showed more consistency at times close to 
sunset than on the day of cloud cover, indicating that the degree of atmospheric attenuation 
was not accurately modeled at these times, when the AM value is greatest and clouds are 
present. The simulated cloudiness due to the increased AM values was not as adequately 
accounted for by the model as first hoped, giving inflated power density values. Air mass values 
can vary widely; from approximately 1 at solar noon, to about 38 at sunrise or sunset. 
 
Table 8: Power Density Comparison for Day of Clear Skies 
 
TD AM CC Power Density ( W/m2) Percentage 
Difference   Model Instrument 
08:15 3.03 clear skies 30.5 32.7 -6.8 
08:45 2.32 clear skies 51.3 48.8 5.2 
09:15 1.90 clear skies 67.0 63.9 4.9 
09:45 1.62 clear skies 80.0 78.8 1.6 
10:15 1.42 clear skies 90.7 90.9 -0.3 
10:45 1.28 clear skies 99.7 102.1 -2.4 
11:15 1.18 clear skies 107.3 108.0 -0.7 
11:45 1.11 clear skies 113.0 112.8 0.2 
12:15 1.06 clear skies 117.4 117.0 0.3 
12:45 1.03 clear skies 120.4 115.4 4.4 
13:15 1.01 clear skies 122.2 119.1 2.6 
13:45 1.01 clear skies 122.2 118.8 2.9 
14:15 1.04 clear skies 120.9 119.4 1.2 
14:45 1.05 clear skies 119.2 116.7 2.1 
15:15 1.10 heavy cloud 51.8 51.3 1.0 
15:45 1.16 clear skies 110.0 108.5 1.4 
16:15 1.25 clear skies 103.4 113.2 -8.7 
16:45 1.37 clear skies 95.7 99.3 -3.6 
17:15 1.55 clear skies 86.1 85.6 0.6 
17:45 1.80 clear skies 74.7 69.0 8.1 
18:15 2.17 clear skies 60.4 50.1 20.6 
18:45 2.77 clear skies 42.7 46.3 -7.6 
 
 
Table 9: Power Density Comparison for Day of Mixed Cloud Cover 
 
TD AM CC Power Density (W/m2) Percentage 
Difference  Model Instrument 
12:15 1.06 clear skies 117 111.7 4.3 
12:45 1.03 clear skies 120 133.0 -9.7 
13:15 1.02 heavy cloud 58.7 58.7 0.0 
13:45 1.01 light cloud 92.7 73.5 26.2 
14:15 1.03 heavy cloud 57.9 65.2 -11.3 
14:45 1.05 heavy cloud 55.3 46.2 19.6 
15:15 1.10 heavy cloud 51.4 51.1 0.5 
15:45 1.15 heavy cloud 45.7 52.1 -12.3 
16:15 1.25 clear skies 102.9 122.2 -15.8 
16:45 1.38 clear skies 94.0 95.1 -1.21 
17:15 1.56 clear skies 85.2 81.2 4.9 
17:45 1.81 light cloud 44.7 54.1 -17.4 
18:15 2.19 clear skies 59.0 53.0 11.2 
18:45 2.80 clear skies 40.7 30.9 31.8 
No data existed for the meteorological parameters of visibility, ozone content and atmospheric 
turbidity as they were not available due to the limitations of the meteorological instruments 
used. These variables were expected to also affect the attenuation of sunlight. Future studies 
could take advantage of increasing availability of remotely-sensed data from remote Earth 
observation satellites as well as standard surface and upper air meteorological observations 
(Ruscher, 2011). 
 
8. Residual Analysis 
 
There were a number of positive points to note from this model: 
1. The R-squared values (R2, R2(adj), and R2(pred)) were all about 90%, indicating that the 
variability in the power density was adequately modeled.  
2. The Variation Inflation Factors, (VIF) were all well below the cut off value of 10, 
indication that there was little or no dependency in the regressors, as seen in Table 10. 
3. The normal probability curve definitely passed the fat pencil test indicating normalcy in 
the distribution as seen in Figure 2. 
4. The plot of standardized residual vs. fitted value (Figure 2) showed a fairly random 
scatter, which is a good indicator that the model can be used to predict future values. 
5. The plot of standardized residual vs. frequency (Figure 2), showed a Bell-type histogram 
of mean zero, indicating the usefulness of the model for statistical inference. 
 
Table 10: Minitab Table of Regression Coefficients 
 
Term Coef SE Coef T-Value P-Value VIF 
Constant 87.7 17.9 4.89 0.001  
AT 0.4439 0.218 2.02 0.046 1.13 
(TD-SN) 2 -2.502 0.258 -9.72 0.000 5.13 
CC1 -63.03 2.69 -23.43 0.000 1.16 
CC2 -28.59 3.28 -8.71 0.000 1.06 
AM2 -1.736 0.898 -1.93 0.058 5.21 
 
 
Figure 2: Summary Residual Plots for Solar PV Data 
 
 
There were some concerns: 
1. Two major outliers (unusual observation), Point no. 8 (day 1) and Point 29 (day 3). This 
had somehow skewed the normal probability curve. It was suspected that these points 
were errors in the instrument readings. They were deleted in the final data analysis.  
2. The other concern was the Standardized Residual versus Observation Order plot. There 
seem to be some level of time dependency in the data for Day 4, (Figure 2) and does 
not show a random scatter with time as the other days. This is of concern for using this 
analysis to represent future calculations. 
3. There were two regressors which were: marginally significant (AT), and marginally 
insignificant (AM2). It was decided to leave them in the model as it is believed that their 
interaction with each other, and with other regressors were significant, and deleting 
either of them would lead to a greatly reduced R-squared. 
9. Summary and Recommendations 
In summary, this work presents the development of an additional, easy to use tool which will 
aid home owners installing PV technology in their homes, especially where the weather is an 
important element in design and application. The meteorological factors that significantly 
affected the power output of the PV modules are: Atmospheric temperature, Cloud cover, 
Time of day, and Air mass. The results of the study were also fairly consistent with earlier 
studies cited, where solar photovoltaic measurements can be fairly well modeled using 
established regression analysis techniques. The model was also most suited for predicting 
power output on clear sky days, and not as accurate on cloudy days and times closer to sunrise 
and sunset. 
 
There are a number of areas for further research and development in this field, to include: 
• The inclusion of data in this experimental apparatus for the meteorological parameters 
of visibility, ozone content and atmospheric turbidity. These variables are expected to 
also affect the attenuation of sunlight and hence further studies can take place where 
they are known factors, especially in locations affected by air pollution. 
• Some limitations of the model include: 
o The determination of solar noon for each location and time of year should be 
ascertained for the analysis, as it varies based on latitude (location) and time of 
year (season). This value can be accessed from various available online software. 
o There was no provision made in the model for atmospheric precipitation like 
snow, sleet or rain. Further studies could be conducted for future models to 
include these conditions. 
o For different PV material type, other models will have to be developed, as the 
model from this research was developed based on mono-silicon PV material. 
o In order to simplify the model, the characterization of cloud cover; clear skies, 
light cloud and heavy cloud, only took into consideration the condition of the 
solar disc and not the rest of the solar window in general. Including the cloud 
cover fraction could prove significant to the model. 
 
This study has laid the foundations for very useful information for solar PV energy production. 
The next step in the process will be to address the areas outlined above for future research, 
with the hope of getting valuable information into the hands of lay people and professionals 
alike. The final deliverable of this research will be a user friendly software that could provide 
fairly accurate calculations of solar PV energy availability for the use of home owners. This has 
the potential to enhance the design and application process of providing cleaner, renewable 
energy that would be environmentally benign. 
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19.7 3.14 10:00 48.9 75 30.10 66 3 72 1.53 Clear skies 
19.7 5.46 10:30 42.5 77 30.10 66 3 70 1.51 Clear skies 
20.1 6.26 11:00 36.0 77 30.10 67 4 70 1.49 Clear skies 
19.3 6.05 11:30 29.7 80 30.10 67 2 65 1.48 Clear skies 
19.1 2.72 12:00 23.5 80 30.10 67 3 66 1.46 Heavy cloud 
19.3 5.26 12:30 17.6 81 30.09 68 1 63 1.45 Light cloud 
19.4 6.06 13:00 12.7 82 30.08 67 3 61 1.44 Light cloud 
19.0 2.30 13:30 11.8 82 30.05 67 3 60 1.44 Heavy cloud 
19.5 3.38 14:00 16.3 82 30.05 67 2 61 1.43 Light cloud  
19.3 3.26 14:30 22.0 82 30.05 67 3 61 1.44 Heavy cloud 
19.3 2.42 15:00 28.1 81 30.04 67 4 62 1.44 Heavy cloud 
19.3 2.28 15:30 34.4 81 30.03 66 3 61 1.45 Heavy cloud 
19.1 1.78 16:00 40.8 81 30.01 67 3 62 1.46 Heavy cloud 
18.9 1.43 16:30 47.3 80 30.00 67 1 64 1.47 Heavy cloud 


























19.9 2.56 12:00 23.5 76 30.00 68 0 75 1.59 Light cloud 
18.8 2.22 12:30 17.6 80 30.00 68 0 68 1.59 Light cloud 
19.9 6.69 13:00 12.7 81 30.04 68 2 63 1.58 Clear skies 
18.7 3.21 13:30 11.8 82 30.03 68 3 62 1.57 Clear skies 
18.9 4.22 14:00 16.3 82 30.02 67 3 61 1.57 Heavy cloud 
18.9 2.73 14:30 22.0 83 30.02 68 2 61 1.56 Heavy cloud 
19.6 6.56 15:00 28.1 82 30.01 67 3 59 1.53 Clear skies 
19.0 2.43 15:30 34.4 83 30.01 66 2 58 1.51 Heavy cloud 
18.5 2.86 16:00 40.8 84 30.00 66 1 54 1.47 Heavy cloud 
19.6 5.54 16:30 47.3 83 30.01 66 5 56 1.50 Clear skies 
19.4 4.92 17:00 53.7 83 29.98 66 3 56 1.56 Clear skies 
18.8 2.28 17:30 53.1 83 29.96 66 3 56 1.57 Light cloud 
19.8 3.30 18:00 59.5 82 29.95 65 1 57 1.62 Clear skies 
19.2 2.07 18:30 65.9 82 29.96 64 3 55 1.62 Clear skies 






























19.7 1.21 8:00 74 64 29.88 56 0 76 0.63 Clear skies 
19.8 1.98 8:30 67.7 65 29.89 58 0 77 0.59 Clear skies 
19.9 2.76 9:00 61.4 68 29.89 58 2 71 0.48 Clear skies 
19.7 3.50 9:30 55.0 72 29.89 59 1 64 0.49 Clear skies 
19.7 4.22 10:00 48.6 74 29.89 57 1 55 0.50 Clear skies 
19.5 4.78 10:30 42.1 77 29.89 58 5 51 0.58 Clear skies 
19.6 5.29 11:00 35.6 78 29.88 56 5 48 0.65 Clear skies 
19.4 5.50 11:30 29.2 79 29.88 56 10 45 0.67 Clear skies 
19.4 5.80 12:00 23.0 80 29.87 56 5 44 0.68 Clear skies 
19.3 5.92 12:30 17.0 81 29.86 57 1 43 0.68 Clear skies 
19.3 6.01 13:00 11.8 82 29.86 56 3 41 0.68 Clear skies 
19.2 6.02 13:30 09.0 83 29.85 57 4 41 0.68 Clear skies 
19.7 6.12 14:00 10.6 83 29.88 57 3 41 0.68 Clear skies 
19.1 5.98 14:30 15.4 84 29.82 58 1 41 0.69 Clear skies 
18.8 3.84 15:00 21.2 85 29.81 57 3 39 0.70 Light cloud 
19.3 5.80 15:30 27.2 85 29.80 59 4 41 0.69 Clear skies 
19.2 5.43 16:00 33.8 85 29.78 59 3 41 0.67 Clear skies 
19.2 4.93 16:30 40.2 86 29.77 58 5 39 0.66 Clear skies 
19.6 4.56 17:00 46.7 86 29.76 57 4 38 0.65 Clear skies 
19.4 3.78 17:30 53.1 86 29.76 57 6 38 0.64 Clear skies 
19.3 3.05 18:00 59.5 85 29.75 57 4 38 0.62 Clear skies 



























19.6 5.61 11:30 29.2 77 29.83 58 0 52 0.60 Clear skies 
18.9 5.71 12:00 22.9 83 29.84 59 2 44 0.68 Clear skies 
18.9 5.77 12:30 16.9 84 29.84 59 4 42 0.78 Clear skies 
18.9 5.93 13:00 11.6 85 29.84 57 3 38 0.85 Clear skies 
18.9 5.96 13:30 08.7 86 29.83 57 2 38 0.87 Clear skies 
18.7 5.68 14:00 10.3 86 29.83 58 2 39 0.88 Clear skies 
19.2 5.62 14:30 15.1 86 29.82 57 5 37 0.90 Clear skies 
18.9 5.29 15:00 21.0 87 29.82 57 1 36 0.92 Clear skies 
19.1 5.79 15:30 27.2 87 29.81 58 3 37 0.93 Clear skies 
19.0 5.54 16:00 33.6 88 29.80 56 3 34 0.95 Clear skies 
19.0 4.71 16:30 40.0 88 29.79 56 5 34 0.93 Clear skies 
19.3 4.40 17:00 46.5 87 29.78 56 4 35 0.92 Light cloud 
19.4 3.73 17:30 52.9 86 29.78 57 2 39 0.90 Light cloud 
18.9 1.69 18:00 59.3 85 29.78 59 1 41 0.88 Light cloud 
18.8 1.90 18:30 65.7 85 29.77 58 2 41 0.86 Light cloud 






Glossary of Terms 
 
Photovoltaics  
A Photovoltaic system converts the radiant energy from the sun to DC electrical energy using a 
semi-conductor medium (cells, modules, panels and arrays) like silicon. Energy conversion 
efficiencies vary from about 6 to 20 percent depending on material type and conditions. 
Zenith Angle (θz) 
The Zenith angle at a particular point and time on earth is the angle between the vertical line 
from that point and the centre of the sun’s disc. The Zenith angle varies from 0, when the sun is 
at its zenith, or highest altitude, to 90 degrees at the horizon (sunrise or sunset). 
Air Mass (AM) 
Air Mass is the relative distance through earth’s atmosphere that sunlight has to travel to reach 
a particular location on earth. When the sun is directly overhead AM value is equal to 1, and at 
sunrise or sunset it is approximately equal to 38. The AM value is a function of the zenith angle. 
Solar Noon (SN) 
Solar Noon is the time of day when the sun is at its zenith, meaning the time of day when the 
sun is at its highest altitude in the sky for that day. At Solar Noon the AM value is closest to 1, 
and is the smallest AM value for that day. 
Regression Analysis 
Regression Analysis is a statistical analytical procedure where the relationships between and 
among variables are studied and determined. An equation linking these variables is a 
deliverable of the regression process. While regression analysis establishes relationships, it 
does not establish cause and effect in relationships. 
Residual Analysis 
Residual Analysis is an error analysis performed at the end of a regression analysis; it is the 
process of examining and validating the accuracy of the resulting model of regression using the 
statistical errors and plots. 
